Abstract. Neuregulin-1 (NRG1) plays important roles in the development and plasticity of the brain, and it is also reported to have potent neuroprotective properties. We previously reported that NRG1 has neuroprotective actions against Swedish amyloid precursor protein-induced neurotoxicity. In addition to the amyloid beta peptide, other metabolites of amyloid precursor protein (APP) such as the C-terminal fragments of APP (APP-CTs) have been reported to possess cytotoxic effects in neuronal cells. In this study, we investigated whether NRG1 exerts neuroprotective effects against APP-CTs and attempted to determine its neuroprotective mechanisms. NRG1 attenuated the neurotoxicities induced by the expression of APP-CTs in neuronal cells. NRG1 also reduced the accumulation of reactive oxygen species and attenuated mitochondrial membrane potential loss induced by APP-CTs. In addition, NRG1 upregulated the expression of the antiapoptotic protein Bcl-2. This effect was blocked by the inhibition of ErbB4, a key NRG1 receptor. Taken together, these results demonstrate the neuroprotective potential of NRG1 in Alzheimer's disease.
Introduction
Neuregulin-1 (NRG1), a family of polypeptides that plays an important role in neural development, is reported to be involved in nerve cell differentiation and synapse formation (1, 2) , radial glia formation and neuronal migration (3, 4) , oligodendrocyte development and axon myelination (5, 6) , axon navigation (7), neurite extension and arborization (8) , and the expression of neurotransmitter receptors (9, 10) . NRG1 and its receptor ErbB tyrosine kinase are expressed not only in the developing nervous system, but also in the adult brain.
Among a class of receptor tyrosine kinases including ErbB2, ErbB3, and ErbB4, NRG1 binds directly to ErbB3 and ErbB4 (11) , and binds to ErbB2 only after first binding ErbB3 or ErbB4 (12) . ErbB4 is likely to be the major mediator of NRG1 function in the brain (13) .
NRG1 is expressed at synaptic regions in many brain areas, and its processing can be regulated by neuronal activity. Recent biochemical studies showed that ErbB4 is highly enriched in the postsynaptic density (PSD) of excitatory synapses (14 -16) and GABAergic presynaptic terminals in the cerebral cortex (17) . In the hippocampus, NRG1 mRNA is highly expressed in area CA3, a region presynaptic to area CA1 which displays ErbB4 expression (17, 18) . Indeed, NRG1 regulates both excitatory and inhibitory synaptic transmission in the adult brain. Moreover, in vitro studies indicate that NRG1 can be neuroprotective for cortical neurons (19) , motor neu-rons (20) , dopaminergic neurons (21) , cochlear sensory neurons (22) , and PC12 cells (23, 24) ; it also protects neurons following ischemia (25 -27) . Recently, we showed upregulation of ErbB4 immunoreactivity in neurons from Alzheimer's disease (AD) patients and amyloid precursor protein (APP) / PS1 mice, a model of AD (28, 29) In addition, NRG1 protects against neurotoxicities induced by Swedish APP expression or amyloid beta peptide (Aβ ) treatment (30) . In addition, NRG1 exerts protective effects against Aβ-induced impairment of long-term potentiation in hippocampal slices (31) . These findings suggest that NRG1/ErbB4 signaling might be important in cognition, learning, and memory formation because it modulates synaptic plasticity and neuronal survival. It is, therefore, a critical component in neurodegenerative disease.
AD is a neurodegenerative disorder characterized by sporadic deterioration of cognitive function resulting from the progressive degeneration and loss of neurons in the brain (32) . Aβ is a principal constituent of senile plaques (33) in the brains of patients with AD (34, 35) . It is derived from APP, a type I transmembrane protein that is proteolytically processed by three enzymatic activities. The middle of the Aβ region is cleaved by α-secretase and generates an 83-residue carboxyl terminal fragment (APP-CT), C83, whereas β-secretase primarily cuts at another site to generate a 99-residue APP-CT, C99. These APP-CTs are retained in the membrane and become substrates for intramembrane cleavage mediated by γ-secretase, generating C59 and Aβ. APP-CTs were initially identified in the brains of AD patients (36, 37) and were shown to either induce apoptosis or enhance other apoptotic stimuli (36) .
In AD brains, degenerating neurons show evidence of oxidative stress, excessive calcium-mediated proteolysis and aggregates of hyperphosphorylated tau protein that form aberrant structures such as neuropil threads or neurofibrillary tangles (38, 39) . AD and other neurodegenerative disorders share the following pathological features: increased levels of oxidative stress, metabolic compromise, perturbed calcium regulation, ER (endoplasmic reticulum) stress, mitochondrial dysfunction, DNA damage, activation of apoptotic biochemical cascades, and abnormalities in protein processing (40) .
In this study, we investigate the neuroprotective aspects of NRG1 and its mechanism of action in cells overexpressing APP-CTs. Using this model, we demonstrate that NRG1 has neuroprotective effects. In addition, these neuroprotective effects require ErbB4, a key NRG1 receptor.
Materials and Methods

Reagents and antibodies
The NRG1 used in this study is a recombinant polypeptide containing the entire EGF domain of the β-type NRG1 from Prospec-Tany TechnoGene. It was prepared in 1% bovine serum albumin (BSA). AG1478 and AG879 were from Calbiochem (Darmstadt, Germany) and were dissolved in dimethylsulfoxide (DMSO; Sigma, St. Louis, MO, USA). Antibodies ErbB4, sc-283, sc-8050, ErbB2, and sc-284 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Bcl-2 (#2870) and Bax (#2774) were purchased from Cell Signaling Technology (Danvers, MA, USA). Rho damine 123 (Rh123, 83702) was from Sigma Aldrich (St. Louis, MO, USA). Experimentally verified control siRNA (negative, 1027280; positive, 1022564), ErbB4 siRNA (SI02223893), and ErbB2 siRNA (SI02223571) were purchased from QIAGEN (Hilden, Germany).
Plasmid constructs
The cDNA constructs of APP-C59 and APP-C100 were generated by PCR from human APP695 cDNA and encompassed the last 59 or 100 amino-acid residues, respectively. They were subcloned into a pcDNA3-flag vector with the flag at the N terminus. All constructs were sequenced using an ABI310 Sequencer. 
Lactate dehydrogenase (LDH) release assay
Degrees of cell death were assessed by the activity of LDH released into the culture medium using a Cytotox 96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions.
The results are expressed as a percentage of maximum LDH release obtained upon complete cell lysis.
Measurement of reactive oxygen species (ROS) generation
Intracellular ROS in SH-SY5Y cells were assayed using the dye 2′,7′-dichlorofluorescein diacetate (DCFH-DA, Invitrogen). Cells were washed with HEPES-buffered saline and incubated in the dark for 1 h in HEPESbuffered saline containing 200 μM DCFH-DA. Upon incubation, DCFH-DA is taken up by cells, where intracellular esterase cleaves the molecule to 2′,7′-dichlorofluorescein, which is oxidized to dichlorofluorescein in the presence of H 2 O 2 . The total fluorescence was measured using a spectrofluorometer (Victor 2; PerkinElmer, Shelton, CT, USA) at en emission wavelength of 529 nm and an excitation wavelength of 504 nm (41) .
Assessment of mitochondrial membrane potential (Δψm)
The potentiometric probe Rh123 (Sigma) was used to measure the perturbations in the Δψm. Rh123 is a fluorescence probe that selectively enters mitochondria with an intact membrane potential and is retained in the mitochondria. Its fluorescence intensity in the mitochondria quantitatively decreases in response to dissipation of the Δψm. Cells were carefully washed with PBS and Rh123 (final concentration: 2.5 μg/ml in 5 mM HEPES-buffered saline) was added to the cells. Cells were incubated at 37°C in the dark for 1 h. At the end of the exposure period, culture supernatants were discarded and cells were carefully rinsed with PBS before addition of 200 μl per well of fresh HEPES-buffered saline. Fluorescence was directly measured in each well at an excitation wavelength of 485 ± 20 nm and an emission wavelength of 530 ± 25 nm with a spectrofluorometer (Victor 2, PerkinElmer) (42) .
Superoxide dismutase (SOD) activity assay
Cells were washed with PBS and then collected by scraping. Collected cells were homogenized with lysis buffer (20 mM HEPES, pH 7.2, 1 mM EGTA, 210 mM mannitol, 70 mM sucrose) and then centrifuged at 1500 × g for 5 min at 4°C. A 10-μl aliquot of the supernatant was added to each well, followed by 190 μl of the diluted radical detector. SOD activity was measured using a colorimetric assay kit (Cayman Chemical Company, Ann Arbor, MI, USA) according to the manufacturer's protocol. The kit utilizes water-soluble tetrazolium salt, which produces a water-soluble formazan dye upon reaction with superoxide anion and this was detected at 450 nm using the Victor X3 Multilable plate reader ( PerkinElmer). SOD activity was calculated on the basis of the percent inhibition of superoxide anion.
Western blotting
Western blotting was performed as previously described (17) . Briefly, cells were lysed in a modified RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.25% sodium-deoxycholate, 1 mM PMSF, 1 mM EDTA, 1 μg/ml aprotinin, lepeptin, and pepstatin protease inhibitors). Proteins were resolved by SDS-PAGE and transferred to a nitrocellulose membrane, which was blocked with TBS containing 5% nonfat dry milk and 0.05% Tween 20 for 1 h. The membrane was then incubated overnight at 4°C with primary antibodies and developed by horseradish peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Statistical analysis
Data are each presented as the mean ± S.E.M. of three or more independent experiments. Student's paired t-test was used for comparison of means from the same group of cells. Values of P < 0.05 were considered significant.
Results
NRG1 attenuates neuronal cell death induced by expression of APP-CTs in SH-SY5Y cells
In this study, we investigated the effects of NRG1 on cytotoxicities induced by APP-CTs, ROS production, SOD activity, Δψm loss, and Bax/Bcl-2 expression in SH-SY5Y cells employing a transient transfection system. Under our experimental conditions, the efficiencies of transient transfections using Lipofectamine 2000 were assessed with a GFP vector in SH-SY5Y cells. The transfection efficiencies were 45% ± 5% (n = 8) in SH-SY5Y cells, as confirmed by the expression of GFP fluorescence (data not shown).
It was previously reported that APP-CTs play a role in inducing neuronal death in AD (43) . To determine whether NRG1 affects the cytotoxicities observed in SH-SY5Y cells through the expression of APP-CTs, an LDH release assay was performed 36 h after the transfection of APP-CTs to determine whether NRG1 affected cytotoxicity induced by APP-CTs in SH-SY5Y cells. A 30-h treatment with NRG1 6 h after transfection reduced APP-CT100-induced LDH release in a concentrationdependent manner (concentration of NRG1: 0.5, 1, 5, and 10 nM) (Fig. 1A) . Based on this result, we used the concentration of 5 nM for further experiments.
LDH release, as expressed by the percentage of maximal LDH release obtained upon complete cell lysis, increased to 14.33% ± 1.33% and 20.00% ± 1.16% (n = 6) 36 h after transfection of APP-CT59 and APP-CT100, respectively, versus non-treated control cells. Pretreatment with NRG1 at 5 nM for 30 h significantly reduced LDH release to 6.00% ± 2.00% and 6.67% ± 1.33% in APP-CT59-and APP-CT100-expressing SH-SY5Y cells, respectively (Fig. 1B) . Representative images of the cells are shown in Fig. 1C . These results indicate that NRG1 exerts a significant protective effect over cell death induced by expression of APP-CTs.
NRG1 reduces ROS accumulation induced by expression of APP-CTs in SH-SY5Y cells
We examined whether NRG1 affects the ROS accumulation induced by the expression of APP-CTs. As shown in Fig. 2, A and B, treatment with NRG1 inhibited ROS accumulation induced by APP-CTs in SH-SY5Y cells. ROS levels increased to 273.33% ± 14.53% and 296.67% ± 8.81% in APP-CT59-and APP-CT100-expressing SH-SY5Y cells, respectively, versus nontreated control cells. NRG1 treatment reduced ROS levels to 126.67% ± 8.81% and 140.00% ± 15.28% (n = 10) in APP-CT59-and APP-CT100-expressing SH-SY5Y cells, respectively (Fig. 2B) . Taken together, these observations demonstrate that NRG1 may regulate the generation of ROS in AD.
NRG1 prevented the increase in SOD activity induced by APP-CTs in SH-SY5Y cells
SOD catalyzes the dismutation of the superoxide anion radical to hydrogen peroxide (44) . We found that the expression of APP-CTs upregulated SOD activity and that NRG1 treatment prevented the upregulation of SOD activity caused by the expression of APP-CTs (Fig. 3) .
It has been reported previously that treatment with Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] increased SOD activity whereas, olanzapine, an antipsychotic that showed protective effects against Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] -induced oxidative stress in PC 12 cells, reduced the increase in enzyme activity (44) . It has been suggested that the increase in SOD activity indicates a Fig. 1 . NRG1 attenuates the neuronal cell death induced by expression of APP-CTs. A) NRG1 attenuates the cell death induced by APP-CT100 expression in a dose-dependent manner. After 36 h, the degrees of cell death were assessed by LDH activity in the medium. NRG1 inhibits LDH release in a dose-dependent manner. n = 6, *P < 0.05, **P < 0.01. B) NRG1 (5 nM) attenuates the cell death induced by expression of APP-CTs in SH-SY5Y cells. Cytotoxicity was assessed by LDH activity in the medium. n = 6, *P < 0.05 (vs. mock), # P < 0.05 (vs. NRG1 treated). C) Representative photographs of the cells. Scale bar, 100 μm.
compensatory action of the cells exposed to the neurotoxic stimuli to maintain cellular redox status. Our results show that NRG1 treatment prevented the upregulation of SOD activity caused by the expression of APP-CTs expression.
NRG1 rescues Δψm loss induced by the expression of APP-CTs in SH-SY5Y cells
Δψm has been reported to play a key role in apoptosis induction by regulating the mitochondrial permeability transition pore opening (45) . To determine whether NRG1 affects the regulation of Δψm, we performed further experiments. The Rh123 fluorescent probe was used for evaluating the Δψm (46) . As shown in Fig. 4 , NRG1 reduced the number of the cells showing Δψm loss induced by the expression of APP-CTs (CT59, CT100). These results indicate that NRG1 protects against the mitochondrial dysfunction induced by the expression of APP-CTs.
NRG1 alters the protein levels of Bcl-2 induced by APPCTs in SH-SY5Y cells
Programmed cell death or apoptosis, the critical process for neurodegeneration, involves multiple signaling pathways and crucial modulators of cell survival, such as the Bcl-2 family of proteins. To determine whether NRG1 regulates the Bcl-2 family of proteins, we investigated changes in the levels of Bax (a pro-apoptotic protein) and Bcl-2 (an anti-apoptotic protein). APP-CTs 5 in a six-well plate and transfected with APP-CTs. Then, cells were treated with 5 nM NRG1 for 24 h and then harvested. SOD activity was measured by utilizing water-soluble tetrazolium salt, which produces a watersoluble formazan dye upon reaction with superoxide anion, and the product that was detected at 450 nm using a using the Victor X3 Multilable plate reader (PerkinElmer). SOD activity was calculated on the basis of the percent inhibition of superoxide anion.*P < 0.05 (vs. mock), # P < 0.05 (vs. NRG1-treated).
resulted in a significant decrease in the protein levels of Bcl-2, whereas APP-CTs had no effect on the levels of Bax. NRG1 attenuated the reduction in Bcl-2 protein caused by APP-CTs (Fig. 5: A and B) . These results suggest that NRG1 may regulate the altered Bcl-2/Bax expression observed in neuronal cell death induced by various neurotoxic stimuli.
ErbB4 is necessary for the effects of NRG1 on neuronal cell death
Of the three ErbB kinases, ErbB2 and ErbB4, but not ErbB3, are catalytically active (47) . To determine which ErbB is involved in the regulation of cytotoxicity by NRG1, cells were treated either with AG1478 or AG879, specific inhibitors of ErbB4 or ErbB2, respectively. ErbB4 tyrosine phosphorylation in response to NRG1 was blocked in neurons pretreated with AG 1478, but not AG879 (17) . ErbB4 or ErbB2 were detected in SH-SY5Y cells (Fig. 6C) .
Treatment with AG1478 prevented NRG1 from reducing LDH release induced by APP-CTs (APP-CT59 or APP-CT100), but treatment with AG879 did not (Fig.  6A) . Moreover, we confirmed that knock-down of ErbB4 by siRNA for ErbB4 also prevented the neuroprotective effects of NRG-1 against cytotoxicity induced by APPCTs (Fig. 6B) . These results suggest a role for ErbB4 in the regulation of neuronal cell death by NRG1. ErbB4-specific siRNA (33 nM) or ErbB2-specific siRNA (40 nM) downregulated ErbB4 and ErbB2 mRNA in SH-SY5Y cells by 85.00% and 90.00%, respectively. The knock-down effects of siRNAs for ErbB4 or ErbB2 are shown in Fig. 6C .
Discussion
Previously, we demonstrated that NRG1 treatment protected neuronal cells against Swedish APP expression or Aβ 1-42 treatment. In the present study, we investigated whether NRG1 has a protective effect against cyto toxicity induced by APP-CTs (APP-CT59 and APP-CT100) in SH-SY5Y cells. The expression of APP-CTs has been shown to induce apoptosis in NGF-differentiated PC 12 cells (41) .
Here, we found that the expression of APP-CTs in- duces ROS accumulation, reduction of Δψm, and downregulation of Bcl-2 expression. In addition, expression of APP-CTs upregulates SOD activity, which seems to be a compensatory action for the increase in ROS induced by APP-CTs. NRG1 was shown to exert a significant protective effect over the cytotoxicity induced by the expression of APP-CTs. NRG1 reduces ROS and restores Δψm loss caused by the expression of APP-CTs. Moreover, NRG1 rescues the decrease in Bcl-2 protein levels by the expression of APP-CTs. We also confirmed that these neuroprotective effects required ErbB4, a key NRG1 receptor, by using AG1478, a specific inhibitor for ErbB4, and a knock-down strategy with siRNA for ErbB4.
AD is characterized by the progressive impairment of cognition and behavioral disturbance that strongly correlate with the degeneration and death of neurons in the cerebral cortex and limbic brain areas such as the hippocampus and the amygdala (38) . Studies of postmortem brain tissue have provided evidence for increased levels of cellular oxidative stress in vulnerable regions of the AD brain in comparison with tissue from age-matched neurologically normal control patients (48, 49) .
Furthermore, enhanced generation of ROS is mediated by Aβ or other metabolites of APP, such as mitochondrial dysfunction by APP-CTs. Mitochondria are central to the maintenance of cell function and viability. Mitochondrial damage has been considered as the "point of no return" in the cell death cascade triggered in neurons after an apoptotic insult. The Δψm is an electrochemical potential that consists of a transmembrane electrical potential and a proton gradient. The Δψm reflects the functional status of mitochondria. The present study provides evidence that NRG1 modulates ROS levels and Δψm loss generated by APP-CTs, although further study is required to clarify the underlying mechanisms of how NRG1 prevents ROS generation or accumulation.
Multiple lines of evidence demonstrate that the regulation of the Bcl-2 protein family members is crucial for the maintenance of mitochondrial integrity and function, thereby deciding a cell's fate after severe stress (50) . Wide-spectrum gene expression studies show a depletion of the anti-apoptotic members of the Bcl-2 gene family in AD hippocampus and superior temporal lobe neocortex and a shift in expression toward the more pro-apoptotic Bcl-2 family species Bax, Bad, Bid, and Bik (51) . It is noteworthy that in this study, NRG1 up-regulates Bcl-2 protein in cells transfected with APP-CTs. However, the detailed mechanism involved remains to be clarified.
ErbB4 is also a substrate for γ-secretase, similar to APP. A recent study showed that ErbB4 is first cleaved by TACE to release a soluble extracellular peptide that Fig. 6 . Inhibition of ErbB4 blocks NRG1 attenuation of neuronal cell death. A) SH-SY5Y cells were transfected with mock, APP-CT59, or APP-CT100. The cells were treated with 5 μM AG1478 or 5 μM AG879 followed by treatment with or without 5 nM NRG1 6 h after transfection of APP-CTs. The degree of cell death was assessed using LDH activity in the medium 36 h after transfection of APP-CTs. n = 6, *P < 0.05. B) Effects of treatment with ErbB4 or ErbB2 siRNA. SH-SY5Y cells were cotransfected with ErbB siRNA and a cDNA construct (mock, APP-CT59, or APP-CT100). The cells were cultured in the presence of 5 nM NRG1 for 30 h. The degree of cell death was assessed 36 h after cotransfection through the quantification of LDH activity in the medium. C) ErbB4 and ErbB2 protein levels after treatment with ErbB4 or ErbB2 siRNA. β-Actin was used as a loading control.
contains the NRG1 binding site (ecto-ErbB4). The remaining membrane-anchored 80-kDa fragment (that is, ErbB4-CTF) is further cleaved in its transmembrane domain by presenilin-dependent γ-secretase to release the ErbB4 intracellular domain (ErbB4-ICD), which has been shown to translocate to the nucleus and regulate transcription (52, 53) . More work is needed to determine whether ErbB4-ICD has a physiological function in neurons. It is possible that the balance between the generation of the APP intracellular domain (AICD) and ErbB4-ICD are associated with AD. Our results, however, suggest otherwise; NRG1/ErbB4 signaling may be involved in AD neuropathology. Further investigation of NRG1's role in AD could be useful in understanding the pathogenesis of AD.
Collectively, our results clearly show that NRG1 exerts neuroprotective actions in AD experimental systems mediated by APP-CTs and that ErbB4 is required for these effects of NRG1.
These results suggest that NRG1/ErbB4 signaling may regulate the activity of neurons, providing insight into potential mechanisms by which this trophic factor regulates neuronal stress and pathogenesis of AD.
